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ABSTRACT: Kinesins form a superfamily of molecular motors involved in cell division and intracellular
transport. Twenty kinesins have been found in @eenorhabditis elegangenome, and four of these
belong to the kinesin-14 subfamily, i.e., kinesins with C-terminal motor domains. Three of these kinesin-
14s, KLP-15, KLP-16, and KLP-17, form a distinct subgroup in which KLP-15 and KLP-16 are more
than 90% identical and appear to be related by a relatively recent gene duplication. They are essential for
meiotic spindle organization and chromosome segregation, and are mostly expressed in the germline.
With 587 amino acids each, they are among the smallest kinesins known. Using bacterially expressed
KLP-15 constructs with different length extensions preceding the motor domain, we have determined in
vitro the following characteristic properties: ATPase activity, microtubule binding, oligomeric state,
microtubule gliding activity, and direction of movement. The constructs exhibit a monrediraer
equilibrium that depends on the length of the prediatelgelical coiled-coil region preceding the motor
domain. The longest construct with the complete coiled-coil domain is a stable dimer, and the shortest
construct with only seven amino acids preceding the motor domain is a monomer. In microtubule gliding
assays, the monomer is immobile whereas the fully dimeric KLP-15 construct supports gliding at 2.3
um/min and moves toward microtubule minus ends, like other members of the kinesin-14 subfamily studied
to date.

Kinesins form a large superfamily of eukaryotic molecular nomenclature, this subfamily is now called the kinesin-14
motors which interact with microtubules and participate in family (13, 14). There are four kinesin-14s i@. elegans
intracellular transport and cell division. They transform KLP-3! KLP-15, KLP-16, and KLP-17, with the last three
chemical energy from ATP hydrolysis into mechanical work, forming a distinct subgroup in proximity t®@rosophila
allowing them to move rapidly and in a specific direction melanogastencd andSaccharomyces cersiaeKar3 (14).

along microtubulesl). Twenty genes encoding kinesin-like k| p-15 and KLP-16 are practically identical proteins with
proteins have been identified in t@@enorhabditis elegans 587 amino acid residues each [ClustalW alignmets give
genome %, 3), and many of these have mammalian ortho- 91 19 identical, 4.3% strongly similar, and 2.0% weakly
logues. The in vivo function of several nematode kinesins gjmjlar amino acids for the full-length proteins]. The
has been extensively investigated through observations ofcomplete mRNAs for Kip-15 and kip-16 are also strikingly
loss of function phenotypes induced by mutation or RNA gimjlar. They are 93% identical along their entire length
interference 4—12). Although most kinesins have their (incuding the UTRs), implying that they may be related by
~320-amino acid motor domain close to their N-terminus, 3 relatively recent gene duplication. They are on the same
there is an important subfamily with the motor domain near chromosome (chromosome 1), as is usual for gene duplica-
the C-terminus of the polypeptide chain; in the proposed new tions, and are less than four megabases apart. The positions
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KLP-15 and KLP-16 are predicted to have three structural
domains: an N-terminal globular tail domain (residues
Met1l—Prol148), ana-helical coiled-coil region (residues
Serl49-Leu246), potentially leading to dimerization or
higher oligomers, and a globular C-terminal motor domain
(le249—-Val572), including the ATP-binding and MT-
interaction sites. Previous studies on kinesin-1s, the conven-
tional kinesins with the motor domain close to the N-termi-
nus, have indicated that tlehelical coiled-coil domain is
important for dimerization and strongly influences the kinetic
properties of these kinesins. Curiously, the dimerization of
the kinesin-14 subfamily has never been studied in any detall,
and because of their small size, KLP-15/16 kinesins might
possibly function as either dimers or monomers. Conse-

FiUrRe 1: Expression patterns of kip-15 and/or kip-16 genes during guently, to initiate studies of these kinesins, we have cloned,

development. Images obtained by in situ hybridization to kip-15/ €Xpressed, and purified several KLP-15 constructs covering
klp-16 mRNA. The mRNA for these two kinesin-14s is indistin- the motor domain and various lengths of the putative coiled-
guishable and is enriched in the two germline cells in L1 larvae coil domain. These constructs have a His tag at their
(arrows). From the early L4 larval stage to young adults, expression n_termini to facilitate purification and motility studies. We

is maximal in the late pachytene of meiosis I. It appears to spread . . . . .
to the diakinesis region in older adults. The V indicates the vulva have examined the oligomeric state of these proteins, their
and labels the ventral side of the animal. in vitro ATPase kinetics, their microtubule binding, and
finally their motility and directionality as determined by
and lengths of the introns and exons in the klp-15 and klp- microtubule gliding observations.
16 genes are identical, except for a single base pair insertion
and a single base pair deletion in two introns. The homology EXPERIMENTAL PROCEDURES
even extends to the promoter area, with 89% identity over . ) o ) i i
the 131 bp immediately upstream of the genes. In practice, Materials.The Rapid Excision Kit, the QuikChange Site-
the sequence similarity of the two genes will prevent selective Directed Mutagenesis Kit, and Epicurean Coli XL10 Gold
targeting of one or the other by RNA interference, cosup- cglls were obtained from Stratag_ene. Synthetic oligonucle-
pression, or RNA hybridization. otides were bpught from MWG-B|Qtech AG. T_he Taq P_CR
The most obvious consequences of RNAI with either kip- Master Mix Kit for PCR, the plasmid DNA purification kit,
15 or kip-16 are defects in meiosis&—19) [see the movies ~ the Ni=NTA conjugate, and NiNTA were purchased from
at http:/Aww.RNA.org 20)]. Normally, C. eleganoocytes Qiagen. Restrlctlon'enz_ymes_were bought from NEB Biolabs.
are arrested in the prophase of meiosis I, and this block is The Rapid DNA Ligation Kit was from Boehringer. The
released at fertilization when the diploid and haploid products €nzymes for kinetic assays and anti-His tag antibodies for
of meiosis | and 11 are ejected outside of the embryo as polar Microtubule gliding assays (catalog no. H1029) were from
bodies. Inhibition of KLP-15/KLP-16 function, obtained by ~Sigma. Cover slips (superfrost plus, 22 mm75 mm x
RNA,; or cosuppression, results in failure in meiotic spindle 1.0 mm, catalog no. 041300) for gliding assays were bought
assembly, and consequently leads to defects in meioticf'om Menzel Glazer. Beef tubulin for gliding assays and
chromosome segregation. The meiotic prophase nuclei appeaf’odamine-labeled tubulin were purchased from Cytoskel-
to be normal, and homologues are paired and attached byEton:
chiasmata; however, the polar bodies are abnormal in number Cloning of KLP-15 ConstructsThe cDNA clone yk
or size, and correlatively the female pronucleus may also be 1466al1, encoding the entire KLP-15 protein, was obtained
of abnormal size. Probably as a result of aneuploidy, multiple from Y. Kohara (National Institute of Genetics, Mishima,
nuclei sometimes form in one, two, and four cell embryos. Japan). The insert was excised from the viral genome (
Finally, an excess of males (X0) is observed among the few ZAPIl phage suspension) and cloned into the pbluescript
survivors, and this also indicates defective meiotic chromo- vector using XPORT and XLOLR phages as described by
some segregation. Interestingly, these defects are closelythe manufacturers. Potential monomeric and dimeric KLP-
similar to those of a number of other essential genes that15 proteins were designed by aligning the protein sequence
form a functional cluster that is active during meiosis and with D. melanogastemcd. Unique restriction sites were
mitosis, in particular, cyclin B and tHerosophilaabnormal introduced into the forward (Nhel) and reverse primers (Notl)
spindle homologue. In situ hybridization shows that kip-15 to allow subsequent cloning int&scherichia colipET
and/or klp-16 mRNAs are concentrated in the germline at expression vectors. The corresponding DNA constructs were
all stages, from L1 to adult (Figure 1). In L3, L4, and very synthesized using the polymerase chain reaction. The fol-
young adults, transcripts accumulate in a specific region of lowing forward primers were used: A (klp-3df-5s7), 5-
the gonad, dorsal, and preturn, corresponding to the prophas&sAGTTGAGAAAGTTGGCTAGCGATGTTGTCGATT-
of meiosis |, after the synaptonemal complex has been TA-3'; B (klp-15;15-587), 5-AAAGTGGAGGAGTGCGCTA-
assembled, during pachytene. In older adults, the transcriptsGCTATCGTGTGCACAAC-3, C (klp-15%g0-s87), 5-TCACT-
spread to the ventral gonad and are also present in largegGCAAGATCAAGCTAGCACGCTGAAAGAAGTC-3; D
amounts in very early embryos. We conclude that the kip- (klp-15;g5-587), 5-CAAATCCTGGATGGCGCTAGCGAAG-
15 and kip-16 genes are essential for acentriolar meiotic GAGCGGATCGC-3 and E (klp-1%4s-587), 5-CAGAAGC-
spindle formation and proper chromosome segregation. ~CTATTCTCGCTAGCAAGATGGCGCTTCTT-3

L1 and L2 larvae
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The following reverse primer was used in all cloning uL of each KLP-15 protein was precipitated using 7%
strategies: O,'STACAGATACTTGATCCGCCGGCGAA- perchloric acid and incubated for 5 min on ice. We assume
GATAAGATTGTAAA-5'. The resulting PCR products were that no cystine (SS) is present in KLP-15, and therefore,
digested using Nhel and Notl restriction enzymes, gel cysteine residues present in the primary sequence do not
purified, isolated, and ligated into expression vectors, previ- contribute to the extinction coefficient. After centrifugation,
ously restricted with the same enzymes. Fragment B wasthe pellets were resuspended in 6.0 M guanidine hydrochlo-
cloned into pET17b (ampicillin resistant), whereas fragments ride and 200 mM phosphate buffer (pH 6.5) and the
A and G-E were ligated into pET28a, which carries the absorption was measured at 280 nm. Further analysis of the
resistance for kanamycin. Fragments A andECautomati-  supernatants showed that all the protein was precipitated,
cally carried a coding sequence for six histidine residues atand the ADP that was released corresponded to one ADP
the N-terminus of the protein, since pET28a carries a start per site (data not shown).
codon and a His tag coding sequence upstream of the Nhel The Bradford method2@) was used to calibrate each
restriction site. Fragment B required a second cloning step construct with known concentrations measured with the
for the incorporation of the histidine tag into the coding method described above. Five replicates per construct were
sequence. For this purpose, the three plasmids were digesteéveraged. The tubulin concentration was determined by the
with Nhel and the resulting sticky ends dephosphorylated. absorbance at 275 nm 6 M guanidine hydrochloride, using
The following forward and reverse primers encoding six an extinction coefficient of 1.03 mL mg cm™* (24). The
histidines were ligated into the linearized vector!- 5 concentration is expressed in tubulin dimers (110 kDa).
CTAGCCACCACCACCACCACCACCCATGGG'aand 3 The coupled ATPase activity test with ATP regeneration
GGTGGTGGTGGTGGTGGTGGGTACCCGATC-Fosi- (24) was used to study the enzymatic characteristics of KLP-
tive clones containing the desired insert were identified by 15. The basal ATPase activity was measured at KLP-15
double restriction with Nhel and Notl, and the correctness concentrations between 1 and«®l, and the MT-activated
of the cloning strategy was confirmed by DNA sequencing ATPase activity was determined at a protein concentration
of all the constructs. of ~0.5uM. _ _ _

Expression and Purification of Protein Construcssl Ana_lyt|cal UItracentnfugauo_nA Becl_<man Optima ).(L'l
KLP-15 proteins were purified at 4C using the same batch analytical ultracentrifuge .eq“'pp?d with an An-60 .T' rotor
protocol. We optimized the expression of the different was used to perform sedimentation velocity experiments at
constructs by testing sevefal coli strains, IPTG concentra- 60 000 rpm £-30000@) at a temperature of 16C in 20
tions, and expression temperatures and times. Cells wer mM PIPES (pH 7.3), 30 mM NaCl, 1 mM Mggl1 mM

SRS o a-EGTA, 1 mM DTT, 1 mM NaN, and 10uM MgATP.
harvested, frozen in liquid nitrogen, and stored-&0 °C. The five different KLP-15 oroteins were investigated at
For protein purification, the cells were thawed and resus- ve d proteins w Investig

. various concentrations. The cells were equipped with quartz
pended in buffer A [50 mM NaklPO,/NaHPO, (pH 7.5), 4 . . ) .
mM MgCl,, 300 mM NaCl, 10% glycerol, 5 mM imidazole windows with, for protein concentrations between 0.5 and 1

(pH 7.5), 0.1 MM Na-EGTA, and 5 m-ME]. Cells were ][ng/thH 12 mm optical path central pieces of Iélaﬂl()ﬁnd, |
b T ' : or higher protein concentrations, 3 mm optical path centra
lysed twice in the presence of 1 mM PMSF, 1 mM ATP,

and 40ug/mL DNAse using a French press. The lysate was pieces of 11QuL. Before each run, the diluted protein was

. . incubated overnight at £4C in the cell, to reach the
centrifuged at 48009for 20 min, and the supernatant was . - S ' i
incubated fo 1 h with 5 mL of Ni-NTA resin previously dissociation equilibrium. For each construct and measure

equiibrated wih buffer A, The NiNTA baiches were "o 16 avelength was indlidualy adjusted in he range
washed at least four times with buffer BO [20 mM PIPES www.analyticalultracentrifugation.com) was used to analyze
(pH 70) 4 mM MgC}, 200 mM NaCl, 5% glyc_erol, 40 the sedimentation profiles in terms of either a continuous
mM |m|Qazo|e (pH 7.5), and 5 ”."W"V'E]- The N'._NTA distribution of the sedimentation coefficiet(s) (25) or one
Li?&%;vétgnzotﬁgdpgt_g#;u?égtairt]hvgifsfee()clj[gg r:‘,\t/?;irggg or two discrete, noninteracting, speciexb) Sedfit also
(bH 7.0). 4 mM MgCh, 30 mM NaCl, 5% glycerol, 200 incorporates a systematic noise evaluation procedire (

- _ ) We used the Sednterp software to estimate the partial specific
mM imidazole (pH 7.5), and 5 mM-ME], taking fractions |1 mes of the KLP-15 constructs (0.7240.7258 mL/g)

of 1 mL. The fractions containing the protein were concen- and the density (1.00183 mL§ and viscosity (0.013207
trated to~20 mg/mL using a CENTRICON-30 and applied  ,p5 g of the solvent (Sednterp version 1.01; developed by

to a gel filtration column, previously equilibrated in buffer 5 g Haynes, T. Laue, and J. Philo: http:/Avww.bbri.org/

D [30 mM PIPES (pH 7.0), 1 mM MgGl 30 MM NaCl, 1 gagMB/rasmb.html), which were used to calculate normal-
mM Na-EGTA, and 1 mM DTT]. The peak fraction was ;a4 coefficients &) from the experimental sedimentation
pooled, concgn_trated, frozen in liquid nitrogen, and stored yqfficients 6. For thec(s) analysis, we typically used 70
at —80 °C until it was used. experimental profiles obtained every 5 min. We considered
The protein concentration was measured by using the 200 particles with a frictional ratiof/f) of 1.5, with
theoretical extinction coefficients calculated from the primary sedimentation coefficients between 1 and 6 S, and used a
protein sequence using ProtPardt) (http://au.expasy.org/  grid of 500 radial points and a confidence ratio of 0.68 for
tools/protparam.html) (20 340 M cm™* for KLP-15,39-5g7, the regularization procedure. The) distributions were then
27 310 Mt cm? for KLP-15,15 587, 21 620 Mt cm™? for fitted to one or two Gaussians to provide values for the
KLP-1500-587, 21 620 Mt cm! for KLP-15g5-587, and sedimentation coefficients and for the relative concentrations
21620 Mt cm ! for KLP-15y45-5g7). To release bound ADP  of the species. In our specific experiments, we have to
that also contributes to the extinction coefficie@R), 100 consider essentially two species, namely, monomers and
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dimers. These are considered to be noninteracting if there isformate, 50 mM NaCl, 1 mM Na-EGTA, 1 mM DTT, and
no monomer association or dimer dissociation over the time 4 mM MgATP] by gel filtration. Then 2L of anti-His tag
scale of the experiment. Analysis in terms of the one or two antibodies at a concentration 6f10 uM in buffer E was
noninteracting component model gives direct fits for the injected into the perfusion chamber and incubated for 5 min.
values ofs, My, and concentration. Equilibrium dissociation The chamber was washed with 20 of buffer E, and then
constantsKy, were calculated using eq 1 to fit the measured 20 uL of KLP-15 at 30uM in buffer E was injected and
dimer percentage (% dimer) as a function of the total protein incubated for 10 min. After the chamber had been washed

concentrationCigtar with 20 uL of buffer E, MTs were injected at a concentration
_ of 1 uM in buffer E. Finally, the chamber was washed with
% dimer= buffer E supplemented with 16M paclitaxel and placed

100K, + 4C o — (K 2+ 8K dctotal)llz]/(4ctotal) 1) on the microscope to record MT gliding.
We used a VE-DIC microscope equipped with a 1.4 NA
This equation is obtained from the following definitions Objective with a magnification of 100 and a Cohu CCD
where subscripts indicate total, monomer, and dimer con- c@mera. The microscope was maintained at°@0in a

centrations: temperature-controlled room. Image treatment (background

subtraction, signal-to-noise improvement) was performed

K.=C e o =(C +2C. - using an Argus-20 Hama_m_atsu Image processor. MT move-
d - ~monomer’=dimer “total o nonomer dimer ment was recorded on digital DVCAM recording media. A
% dimer= 100(Xme/Cota) Neurospora crassaonventional kinesin construct, Nkin460-

. . GST 30), whose gliding velocity has been previously
Pelleting AssaysPelleting assays were performed as established31), was used as a positive control. This protein

described previously2g). Tubulin and KLP-15 concentra- s stable at room temperature. Nkind60GST was purified as
tions were determined as described above. Experiments indescribed previously3().

the presence of either ADP or AMPPCP were carried out at MT g||d|ng velocitiesV (micrometers per Second) were

a KLP-15 concentration of AM and with tubulin concentra-  determined from the video recordings using NIH image
tions between 0 and 40M. The final volume of the reaction  software with some in-house modifications of existing
solution was 48:L in PEM buffer supplemented with AM macros. The coordinates of selected MT extremities were
taxol, 4 mM magnesium acetate, and 3 mM nucleotide (ADP optained using the computer cursor and together with the
or AMPPCP). KLP-15:5-sg7 precipitated at higher AMPPCP  acquisition times of successive images were exported into

concentrations. To improve stability, KLP-45ss7 was Excel. Gliding velocitiesV were calculated using the
stored in the presence of at least &0 MgATP. For the following equation:

pelleting experiment, the protein was diluted five times to
give a final MgATP concentration of 10M. Thus, experi- V = 25E x shift/(N, — N,) 3
ments performed in the “absence of nucleotide” contain a
maximal MgATP concentration of 1aM. We used NIH where shift= v/[(xo — x1.)2 + (Y2 — y1)3 is the displacement
image (http://rsb.info.nih.gov/nih-image) for the quantitative calculated from the pixel coordinates,f:) and &,y-) of a
analysis of bound and unbound kinesin concentrations. MT extremity in image numberdl; and N,, respectively.
Protein concentrations were determined from the intensity The recording rate was 25 images per second, giving a time
of the bands in the SDSPAGE gel by calibrating againsta  delay of (N, — N;)/25 between images, andN,. The scale
range of known KLP-155 sg; concentrations. factor E converts the shift from pixels into micrometers (10
The binding stoichiometry of the monomeric KLP- u«m corresponds to 97 pixels both horizontally and vertically
15,15 587 and microtubules, along with the dissociation on the CCD camera).
constant, was determined by plotting the KLPr%5s7 The direction of movement along microtubules was
concentration cosedimenting with microtubules as a function determined by a modified protocol, originally described by
of total microtubules (expressed as tubulin dimer concentra- Hyman, using microtubules with rhodamine-labeled minus
tion). Mutual depletion was taken into account by fitting the ends 82, 33).

lot with the following equation48, 29):
P ged 4 ) RESULTS

MEN = (N/2Ng)[A — (A* — 4NMt)* 7] (2) Five KLP-15 proteins were expressed and purified (Figure
2a,b). As shown in Table 1, the calculated molecular masses
where N/Ny is a normalizing factor (corresponding to the derived from the KLP-15 primary sequence agree with the
maximum fraction of kinesin binding to microtubuleg)= masses measured by MALDI mass spectrometry. Using gel
Kg + Mto + No, MtN is the concentration of KLP-15 bound filtration, we estimated that KLP-}5 ss7 iS @ monomer
to microtubulesN is the maximum concentration of bound whereas KLP-185-ss7 a construct including a longer portion
KLP-15, Ny is the total KLP-15 concentration, Mis the of the predicted coiled-coil domain (Figure 2c), elutes with
total tubulin concentration, ari€; is the apparent dissociation a double peak, possibly indicating a monomdimer
constant. equilibrium (data not shown). The longer KLP-15 constructs
In Vitro Microtubule Gliding AssaysGliding assays were  appear to be dimers. The oligomeric state of the five KLP-
performed by binding purified KLP-15 via the N-terminal 15 constructs was examined in more detail by sedimentation
His tag to anti-His antibodies attached to the glass coverslip velocity experiments as described below.
of the perfusion chambers. KLP-15 was transferred into Hydrodynamic PropertiesA typical set of measured
buffer E [10 mM imidazole (pH 7.5), 2 mM magnesium sedimentation profiles and calculated fits is shown in Figure
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Ficure 2: C. eleganKLP-15 constructs. (a) The N-terminal tail domain of KLP-15 (residues MEtb148) is followed by a continuous
a-helical region (residues Serl49eu246) predicted to form a coiled coil leading to dimerization. The C-terminal motor domain (residues
lle249-Val572) contains the ATP-binding and MT-interacting sites. The KLP-15 proteins investigated contain the motor domain and
varying numbers of residues in thehelical region, as shown. (b) SB®AGE of purified KLP-15 proteins: lane 1, standard protein
markers; lane 2, KLP-43q-557 lane 3, KLP-15;5 587 lane 4, KLP-15q0-557 lane 5, KLP-15gs5-587; and lane 6, KLP-1hs sg7. (€) Coiled-

coil regions in KLP-15 as predicted by COIBEE) and PAIRCOIL §1).

Table 1: Summary of the Physical Properties of KLP-15 Consttucts

predicted no. calculated measured estimated

KLP-15 of amino acids N-terminal molecular  molecular molecular association

construct in coiled coll sequencing mas8(Da) mas§(Da) mass (kDd) staté
KLP-15:39-587 7 *GSSHHHHHHSSGLVPRGSHMASDVV 40 408 40 479 monomer
KLP-15515 587 31 *ASHHHHHHPWASYRV 42 481 42 416 44/97 monomerdimer
KLP-15500-587 46 nd 45 097 45 143 75 monomet dimer
KLP-15,g5-557 61 nd 46 752 46 819 88 monomet dimer
KLP-1514g 587 97 nd 50 864 50 839 94 dimer

2 The initial methionine residue is missing due to N-terminal excisiof.ircoli (49) as shown by N-terminal sequencing. Kipl5 constructs
cloned into pET17 start with an Ala, whereas constructs cloned into pET28 start with a@diculated from the primary sequences. The additional
N-terminal residues, including the linker, the His tag (ASHHHHHHPWAS or GSSHHHHHHSSGLVPRGSHMAS), and missing methionine residues,
are taken into accountDetermined by MALDI-TOF ¢ Estimation of molar mass determined by FPLC gel filtration on a Superose 12 column.

e From analytical ultracentrifugation sedimentation velocity experimést determined.

3. Figure 4ae shows the distribution of sedimentation KLP-15,35-557iS consistent with values previously reported
coefficients of the KLP-15 constructs for different protein for kinesin monomer constructs suchzanelanogastencd
concentrations. The shortest and longest constructs (KLP-(MC6) with 367 residues (3.313.7 S) @8, 34) and
1530587 and KLP-1545 557, respectively) show single peaks, conventional kinesins with 340 (3.25 S) and 341 residues
with s0,v values of 3.0 and 4.3 S, respectively, the positions (2.9 S) 85—36). The sedimentation coefficiens},, = 4.3

of which do not change significantly in the investigated range S) of KLP-1545 57 can be compared to the values of 4.9
of protein concentrations. This suggests that the shortestand 5.0 S found for dimeric ncd MC1 with 491 residues
construct with 348 amino acid residues (KLPz%5sg7) is (there are 13 additional residues at the N-terminus due to
monomeric and the longest with 439 residues (KLRPsgl5s7) the expression system) and with the values of 5.18 and 5.06
is dimeric. The sedimentation coefficiersk{, = 3.0 S) for S for conventional kinesin constructs with 392 and 401
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o 06 6b show that under all nucleotide conditions, the totality of
é the kinesin binds to microtubules at saturati#.values

) obtained by fitting the data to eq 2 (Figure 6c) show that
_g the weakest microtubule binding state occurs in the presence
< of ADP.

3 Microtubule Gliding and Direction of MaementWe first

T g 31| determined the gliding velocities for thé. crassakinesin

g-0. 36”0 ) 7 56 53 70 construct Nkin4d60GST and obtained an average gliding

Radius (cm) velocity of 101+ 3 um/min from measurements on 67 MTs.

Ficure 3. Sedimentation velocity profiles of KLP-1&_ssr. (a) Within the experimental error, this is identical to the

Twelve profiles obtained at 0.5 mg/mL, €, and 60 000 rpm.  Previously determined value of 1G8 12 xm/min for this
Each dotted curve shows the measured absorbance at 276 nm as @nstruct 81). A gliding velocity of 156+ 30 um/min was
function of the distance from the rotation axis. Té(g) analysis  previously obtained for the full-length protein with 928 amino

fits are shown as continuous lines. (b) The residuals show the acigs purified from wild-type 74AN. crassacell cultures
differences between the experimental and fitted sedimentation (33, 39) .

profiles. ) . .
All five KLP-15 constructs were tested for their ability to

residues, respectively. The intermediate-length KLP-15 induce MT gliding. We attached anti-His tag antibodies to
constructs show tweo,, peaks positioned at 2-783.0 and the coverslip of the motility chamber to enable the KLP-15
3.7-4.3 S. Analyzing the data by the alternative noninter- constructs to interact with the antibody by their N-terminal
acting particle model gives essentially the same results, His tag. All constructs, except KLP-1% sg7 showed MT
indicating that the sediment coefficients are in fact consistent gliding for up to 30 min, in agreement with our observation
with a monomer and a dimer species (Table 2). For constructsthat, at room temperature, KLP-15 loses its ATPase activity
KLP-15,15 557, KLP-1500-587, KLP-151g5 557, and KLP- on a similar time scale. Microtubules themselves were stable

15,45 557, the analysis gives molar masses for the monomer Over this time scale, as verified by length measurements. We
and dimer in solution that are within 10% of the theoretical also checked that, in the absence of KLP-15, there were very
values (data not shown). Furthermore, the ratio ofshe, few microtubule interactions with the glass surface of the
values for the dimer and monomer (1.£10.04) agrees with motility chamber both in the absence and in the presence of
the theoretical value of 1.5 calculated for an assembly of the anti-His tag antibody. The results shown in Figure 7 were
two globular monomers3(). Figure 4f shows that in  Obtained with KLP-1815-s67, th(_a Iongest construct containing
solution, the intermediate-length constructs consist of both the motor domain and the entire predicted coiled-coil domain.
monomeric and dimeric proteins in slow equilibrium, and The average MT gliding velocity for this construct was 2.3
the longest and shortest constructs are monomeric andt 0-3xm/min (32 individual microtubules were observed),
dimeric, respectively. Dissociation constafts calculated ~ Placing KLP-15 among the low-velocity kinesins.

using eq 1, are listed in Table 3 and are plotted against The direction of movement along microtubules was
predicted coiled-coil lengths of the different constructs in determined by fluorescence microscopy using microtubules
Figure 4g. with rhodamine-tubulin labeled minus end32(33). The

ATPase Actiity. The enzymatic characteristics of the KLP- fIv€ KLP-15 constructs were tested, and again, no movement
15 constructs are summarized in Table 4. In the absence ofcOuld be detected for KLP-18&-ss7; on the other hand, all
salt, all constructs have similar basal ATPase activities per ©f the other constructs induced MT gliding. Out of 22
motor domain, varying from 0.025 to 0.031'sThe basal ~ 'hcdamine-labeled MTs that were studied, all moved as
ATPase activity is stimulated by a factor of up to 2 in the SNOWwn in Figure 8, indicating that KLP-15 moves toward
presence of 300 mM NaCl (Figure 5a). In the presence of MT minus ends, like other kinesin-14s studied to date.
microtubules, the ATPase activity of the constructs is in the

range of 2.8-4.0 s!, showing that ATP hydrolysis is DISCUSSION

stimulated by a factor of 100150 in the presence of MTs KLP-15 constructs cloned into pET expression vectors and
(Figure 5b and Table 4). This stimulation is highly dependent expressed irE. coli produced soluble, active, and easily
on salt concentration (Figure 5c). purified recombinant proteins. Molecular masses as deter-

Steady-State Binding to Microtubulé@nesins are thought ~ mined by mass spectrometry agree with calculated values
to move along microtubules via a cycle of coupled changes based on primary sequences (Table 1).
in conformation and microtubule affinity that are related to  The dimerization of a member of the kinesin-14 subfamily
ATP turnover. We investigated the binding characteristics is examined in detail for the first time. The length of the
of KLP-15;15-587 by varying the microtubule concentration a-helical region preceding the NHerminal end of the motor
(from O to 40uM) at a fixed KLP-15 concentration (4M) domain is found to strongly influence the dimerization of
in the presence of either ADP or AMPPCP (nonhydrolyzable C. eleganKLP-15. A construct with seven residues in the
ATP analogue) and without added nucleotide. After incuba- predicted a-helical coiled-coil region, KLP-1hg sg7, is
tion, the solutions were centrifuged and the supernatants andnonomeric in solution. The construct, KLP1}5sg7, with
pellets analyzed by SDSPAGE. KLP-15;5 sg7 and tubulin the complete predicted coiled-coil region containing 97
are well resolved on the gels (Figure 6a), whereas the bandgesidues, is a stable dimer. Intermediate-length constructs,
from longer KLP-15 constructs overlap with those of tubulin. at concentrations in the milligram per milliliter range, consist
The intensities of the bands from the supernatant and pelletof monomers and dimers in (slow) equilibrium, allowing the
were measured by densitometry. The data presented in Figuralissociation constant§, to be determined (Table 3). A plot



6532 Biochemistry, Vol. 44, No. 17, 2005 Robin et al.
a) KLP-15239.587

1 P T
o o )
—_ o u = 1.5mgiml
£ os & R
= ..j "'»sgr,
0 0000000000007 ~OCo00g 0000000000000
1 2 3 4 5 6

b) KLP-15515.587

C(S)

C(S)

C(S)

10mgmi
=y & 15mgmi
ij 0.5 & 29mgm
0 n T T T T T T I
1 2 3 4 5 6
S20.w
) : . . 8) 30 . .
100
25 | 4
20 | 4
5 -3
E
= 513 15 L B
® <
10 | E
5L 4
0 ' 100 ' 200 0 20 40 80 80 100
sz (uM) Coiled Coil Length (amino acids)

Ficure 4: Sedimentation velocity analysis of the five KLP-15 constructs. Distribution (arbitrary units) of sedimentation coeffigignts

for (a) KLP-1539-5g7 at 0.8 and 1.5 mg/mL, (b) KLP-15 sg7 at 0.6, 0.9, and 1.8 mg/mL, (c) KLP-3f-ss7 at 0.6, 0.9, and 1.8 mg/mL,

(d) KLP-154s5-5g7 at 0.4, 0.7, 1.3, 2.2, 4.3, and 8.7 mg/mL, and (e) KLR;dBs; at 1, 1.5, and 2.9 mg/mL. For panels-&, a larger
proportion of the dimer species is obtained at the higher concentrations. (f) Percentage of dimer shown as a function of the total concentration
for each construct. (g) Dissociation constants as a function of the predicted coiled-coil length.

of Kq as a function of the number of amino acidg {n the expressionKgy is halved for each additional seven amino
predicted coiled coil (Figure 4q) is fitted by an exponential acids in the coiled-coil region. Since the construct with the
curve of the formKy = A exp(—4L), wherel = 0.1. In this full-length predicted coiled-coil region forms a stable dimer,
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Ficure 5: ATPase activity of KLP-15. (a) Salt dependence of the
basal ATPase activity: KLP-15 557 (), KLP-1500-587(2), KLP-
15/g5-557 (®), and KLP-1545 587 (¥). The ATPase is stimulated
by a factor of up to 2 in the presence of 300 mM NaCl. (b) Steady-
state measurements of the MT-activated ATPase activity: KLP-
15p39-587 (0), KLP-15,15-587 (0), KLP-1500-587 (A), KLP-15;g5 sg7
(®), and KLP-1545 557 (¥). (c) Effect of salt on the microtubule-
stimulated ATPase activity of KLP-15: no sal®) or in the
presence of 50 mM NaCHl). The values for kinetic constanits;
andKg s are summarized in Table 4.

native KLP-15 is likely to be active in vivo as a dimeric
protein. The complete-helical coiled-coil stalk is estimated
to have 97 amino acids. This is equivalent+d4 heptad

Biochemistry, Vol. 44, No. 17, 200%533

Table 2: Sedimentation Velocities of KLP-15 Constracts

concentration  Sow (S Sow (S dimer
protein (mg/mL) monomer  dimer (%)
KLP-15p39-587 0.75 3.02 — 0
1.50 2.96 —
KLP-15;15 587 0.61 2.72 3.70 46
0.92 2.86 3.88 53
1.84 2.74 3.95 70
KLP-15500-587 0.58 2.78 4.50 79
0.88 2.94 451 80
1.75 2.53 4,52 91
KLP-15;85-587 0.44 2.91 4.33 73
0.66 2.78 4.37 75
1.32 3.02 4.42 78
2.17 3.02 4.42 89
4.43 2.91 4.33 91
8.67 2.78 4.37 95
KLP-15;48 587 0.98 — 4.28 100
1.47 — 4.29
2.89 — 4.29

aThe sedimentation coefficients and relative proportions of the
monomer and dimer were determined using the model of one or two
noninteracting species, as described in the text.
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Ficure 6: Microtubule affinity of KLP-15. (a) SDSPAGE of the
supernatant (S) and pellet (P) after centrifugation of KLP-15 in
the presence of microtubules at increasing concentrations from lane
1 (2uM) to lane 4 (15«M) and in the presence of ADP, AMPPCP,
and no added nucleotide as indicated. (b) Bound KLP-15 as a
function of microtubule concentration in the presence of AR, (
without nucleotide 4), and AMPPCP @). (c) Dissociation
constant, in the presence of microtubules taking mutual depletion
into account (eq 2).

Microtubules stimulate the ATPase activity of all KLP-
15 constructs by a factor in the range of +%0. The basal
and microtubule-stimulated ATPase activities are similar for
all constructs, whereas for another kinesin-D4,melano-
gasterncd, monomers are stimulated considerably more than

repeats and, on the basis of a rise of 1.05 nm per repeatdimers B4). The k. values of 2.8-4.0 s* in the presence
corresponds roughly to a length of 15 nm. No higher-order of microtubules are in good agreement with the previous

oligomers were observed even at the relatively high con-

results for other kinesin-14&:, varies from 0.2 to 3.8 ¢

centrations used for the analytical centrifugation. These for different constructs of ncd3d), from 1.7 to 2.2 st for
results contrast with those obtained for conventional kinesin the ncd motor domain4(), and from 1.8 to 2.0 for a
where a region some 40 amino acids in length was found tolong dimeric ncd construct MC128). A value of 0.5 s?

be sufficient to produce a stable coiled coil leading to a fully
functional dimeric protein35, 39, 40).

was obtained for the motor domain ®f cereisaeKar3 (42).
Thus, the values for kinesin-14s are consistently low
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Table 3: Dissociation Constants of KLP-15 Constructs

KLP-1539-587 KLP-15%;5-587 KLP-1500-587 KLP-1585-587 KLP-15145-587

coiled-coil length, no. of amino acitls 7 31 46 61 97
Kqg (uM) [ 20+ 2 4.18+ 0.08 1.62+ 0.02 0

a Predicted using PAIRCOILYY).

Table 4: Enzymatic Properties of KLP-15 Constructs

basal ATPase activitio (579 MT-activated ATPase activity per motor domain activation Kpi = keatKo s
protein per motor domaif Keat (571 Kos (uM) Kealko (stuM™Y
KLP-15y39-587 0.026+ 0.007 2.80+ 0.08 0.52+ 0.05 108 54
KLP-15;15 587 0.031+ 0.001 3.56+ 0.07 1.08+ 0.07 116 3.3
KLP-15500-587 0.031+ 0.004 3.99+ 0.08 0.50+ 0.04 129 8.0
KLP-15;g5 587 0.025+ 0.002 3.67+0.19 0.90+ 0.13 148 4.1
KLP-15;45 587 0.028+ 0.002 2.93+ 0.07 1.58+0.10 103 1.9

a|n the absence of salt.

Microtubule Count

04 1.2 2 28 36 44 52
Speed (umimin)

Ficure 7: Dimeric KLP-15 supports microtubule movement. (a) Video-enhanced differential interference contrast microscopy observations
of MT gliding. The surface of a coverslip was coated with KLRz}5g7 as described. The images from the top left to bottom right
represeha 5 min time series. Green arrowheads point to MT ends, and the red arrowhead indicates a fixed reference point. (b) Histogram
showing the observed microtubule velocity distribution (gray bars). The full curve is a Gaussian regression applied to the histogram. The
uncertainty over the average is calculated with a probability of 95%. The average velocity4is®33m/min.

slow motors (a value of 2.3 0.3 um/min was measured
for the fully dimeric construct), whereas the monomeric
construct is immobile under the same experimental condi-
tions. Since our measured gliding velocities for crassa
conventional kinesin (Nkin460GST) are in good agreement
with previous measurement81 38), we are confident in
the gliding velocity found for KLP-15 obtained under the
same conditions. We have confirmed that KLP-15 is a minus
end-directed (retrograde) motor like other kinesin-14s ex-
amined to date. This is the third member of the kinesin-14
subfamily for which the gliding velocity has been determined
using constructs that closely mimic the native protein.
Bacterially expressed, full-length CHO2 gave microtubule

Ficure 8: Dimeric KLP-15 moves to microtubule minus ends. idi o ; . e
Microtubule minus ends marked with rhodamine-labeled tubulin gliding velocities of 1.1-5.2 um/min (43); near-full-length

appear brighter than the rest of the microtubules. Fixed reference'd gave velocities of 1:57 um/min (44), and a His-tagged
points are marked with red arrowheads. ncd dimer attached to a metal chelating surface gave a gliding

velocity of 9.6+ 0.6 um/min (45). GST fusion proteins have
compared to those of monomeric and dimeric kinesin-1 often been used in gliding assays to ensure that kinesin
constructs, which typically have, values between 38 and  constructs attach in the correct orientation on the glass surface
96 st (39). of the motility cell. For such constructs, the following gliding
MT gliding assays in the multimotor mode show that all velocities have been reported: 6.8.4um/min for different
the KLP-15 constructs with a dimeric component behave as CHO2 constructs43), 5—10 um/min for D. melanogaster
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ncd 34), 8—10um/min for Arabidopsis thaliandCBP (46),

and finally 1-2 ym/min for S. cereisaeKar3 (47). Thus,
although GST fusion proteins may strongly influence dimer-
ization, the gliding velocities of the fusion and “native”
kinesin constructs are similar. KLP-15 and CHO2 appear to
be the slowest kinesins examined to date. Overall, members
of the kinesin-14 subfamily are slow motors compared to
kinesin-1 (conventional kinesin) that moves B times more
quickly.

Essential C-terminal kinesins KLP-15 and KLP-16 are the
closest metazoan relatives to ncd in the entire kinesin-14
family tree (@4). KLP-15 is required, by itself or in
conjunction with KLP-16, for proper meiosis. The role of
KLP-15 and/or KLP-16 in the assembly of the bipolar
meiotic acentriolar spindle is consistent with the well-
characterized role of the microtubule bundling nonclaret
disjunctional (ncd) in th®rosophilafemale meiotic spindle
(48).

In conclusion,C. eleganKLP-15 is likely to be a slow,
dimeric kinesin in vivo. The almost identical KLP-16 is likely
to share the properties determined for KLP-15. These two
kinesins appear to be essential for germline function. Thus,
either (or both) will be excellent models for in vivo
investigations of the role of this kinesin-14 subgroup in cell
division.
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